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Groundwaters were dated in the Forebay by the tritium-helium-3 dating method to a certainty of plus or minus two years. The tritium and helium-3 from tritium decay were abundant enough to generate estimates of groundwater transport rates. The interferences to the tritium and helium-3 data were minor in most cases and validation of the technique's utility in these groundwaters has been demonstrated. However, the analytical resolution of the helium-3 from tritium decay was not robust enough to resolve groundwater ages to less than two years. In addition, production wells in the Forebay, as in other areas, generally had long perforation intervals that penetrated multiple aquifer layers. These long sampling intervals allowed mixing of groundwater with different ages and compromised the age dating by averaging the result as function of the mixing end-members. Discrete sampling of aquifer layers is, therefore, highly recommended for future age determinations.
Recommendations for further work include 1) monthly sampling for stable isotopes in select groundwaters and surface waters of the Forebay to trace distinct seasonal surface water recharge "pulses", 2) sampling for isotopic analyses of discrete depths in Orange County Water District (OCWD) multipoint wells to enhance the stratigraphic resolution of groundwater flow directions and rates, 3 ) tracing surface recharge with non-toxic tracers of low concentration from the spreading basins to adjacent wells in order to determine transit times and dilution along groundwater flow paths for groundwaters I 2 years old, and 4) future basin-wide isotopic sampling in support of the OCWD groundwater modeling effort.
INTRODUCTION
OCWD currently recharges annually 250,000 acre-ft of surface water into the subsurface via spreading facilities in the Forebay of the Orange County groundwater basin, and around 15,000 acre-ft annually by direct injection of mixed reclaimed water and deep groundwater in the T a l b e r t Gap (Fig. 1) . 
INVESTIGATIVE APPROACH
Stable Isotopes
The stable isotope ratio measurements of oxygen-l8/oxygen-16 ( 1*0/160) and deuterium/hydrogen @/Hi deuterium is hydrogen-2) ratios in water were used in this feasibility study to identify different water populations in the Forebay region. The method for comparing the isotopic character of different waters lies in the use of a SD-6180 plot of the isotope ratios. Tritium measurements in groundwater 20 years ago were useful fiom the standpoint of tracing the "bombpulse" 3H that had recharged into groundwater in the early 1960s and calculating the groundwater travel time based on the observed depth of the "bomb pulse". Today much of the "bomb-pulse" is not well defined in groundwater systems due to 3H decay and groundwater dispersion. Tritium measurements alone cannot be used for dating groundwater reliably because of the uncertainty in what the original 3H concentration was at the time of recharge.
In more recent years with the development of high precision noble gas mass spectrometry, the decay product of 3H, helium-3 (3He), can be measured. The advantage to this lies in the dating equation which states
where 3H is the concentration of the tritium at any given time and 3Ho is the original tritium concentration at the time of recharge. Since the 3Ho has a large uncertainty due to the "bomb pulse", the resulting age calculation will have large uncertainties. By simultaneously measuring the 3He that has resulted from the decay of the tritium (known as the tritiogenic 3He or 3He&
we can reconstruct the 3Ho by adding the hitiogenic 3Heht t03H and derive the initial concentration such that, Several components comprise the measured 3He and they include:
where3Hem, is the total 3He analytically measured, 3 H e e~ is the amount of 3He dissolved in a non-turbulent surface water in equilibrium with the atmosphere, 3Heaess is the amount of 3He dissolved in water exceeding the equilibrium amount (a common phenomenon in groundwater due to excess dissolved air), and 3Herd is the amount of 3He produced from radioactive decay of isotopes other than tritium. The latter species is very minor and totals only about 0.2% of the total 3He.
Separating these different components of the 3He requires additional measurements of the 4He abundance which comprises: where the subscripts are the same as those for 3He. In the case of 4 H e d , a product of miniumthorium decay, the abundance can be significant where older waters are involved (e.g. >lo00 years old).
The 3Hee4uir and 4Heeqd terms are assumed based on the information known about the recharge temperature and pressure (i.e. altitude). The amount of 3Herd and the 4 H e r d in the Forebay groundwaters are small and have been assumed based on steady-state calculations.
Therefore, the two unknowns left are the excess air terms and the tritiogenic 3He, of which we have two equations to solve for them.
The 4HemeaspHeqd ratios provide a method for determining the excess air contribution to ... the sample, since a ratio >1.0 is created by incorporation of more dissolved helium than in equilibrium with the atmosphere, assuming an appreciable amount of 4He has not accumulated from radioactive decay. In this study, that assumption is essentially valid since most waters are expected to be young. If radiogenic 4He is a concern, though, the 3HdHe ratios can be calculated and compared to ratios expected in water at equilibrium concentrations. This comparison is important since if there is any appreciable radiogenic 4He, then the 3HePHe ratio relative to equilibrium will be 4.0. This is due to the accumulation of 4He from uraniumthorium decay. Where there are indications of radiogenic 4He we can correct for it in the age calculations.
Radiocarbon Measure ments
Later in this report some carbon-14 ( 14C) data will be presented and, therefore, a brief introduction is provided. The l4C is a trace isotope of carbon that has a relative abundance of approximately one 1 4~ atom to every 10 12 carbon atoms. The 1 4~ isotope is naturally occurring and radioactive with a half-life of 5730 years, providing an age-dating limit of -40,OOO years.
This half-life is considerably longer than for the half-life of 3H (12.4 years) and, therefore, the 14C should not measurably decrease due to radioactive decay in young groundwaters (400 years). Carbon does occur as an inorganic solute in groundwater and is able to react with other inorganic sources. In many cases, groundwater accumulates some dissolved carbon from sources that have no 14C, for example, carbonate rocks and minerals >40,0oO years old that are in aquifers. Typically, the inorganic carbon in a groundwater <lo0 years old will contain anywhere from 10 to 50% carbon from 14C-depleted sources, but usually averages around 15%.
The 14C of a groundwater is measured as a ratio of 14C/12C and normalized to the l4W12C ratio of a 1950 atmosphere, so that where gw is the groundwater ratio. Subsequent to 1950, the atmosphere contained abnormally high amounts of 14C due to surface testing of nuclear weapons. Therefore, post-1950's groundwater recharge typically has 14C abundances >lo0 pmc.
SamtAing Amroach
Twenty-one different groundwater wells and eleven surface water sites were sampled throughout the Forebay region between March and August of 1995 (Fig. 4) . Some sites were sampled multiple times resulting in a total of fifty samples analyzed (Table 1 and Appendix 1).
The sampling coincided with a peak flow of 5000 cubic feet per second (cfs) in the SAR in
March that provided a contrast to the base flow conditions (< 200 cfs) sampled in August.
Surface waters of the spreading basins were sampled at the same time groundwater was collected. Groundwater samples were primarily collected fiom wells adjacent to or immediately down-gradient of the surface spreading basins in the Forebay region with well depths ranging from 60 to 1375 feet below ground surface (Table 1) . Two samples were collected 5 to 6 miles down-gradient (wells F-AIRP and A-47; see Fig. 1 ) in order to provide some indication of groundwater isotope signatures and ages outside the immediate influence of the spreading basins. 
Field SamulinP Methods
Wells were pumped either with the existing vertical turbine pumps in the domestic supply wells or with an electric submersible pump lowered down on a boom truck into the monitoring wells. Wells were pumped long enough to remove three well volumes of water according to EPA specifications. Surface water samples were collected by boat in the center of the spreading basins. Samples collected from the bottom of the basins are specified. SAR samples, from upstream to downstream, were collected at the duck ponds above Prado Dam, below hado Dam, the Imperial Headgates, below the Imperial Highway crossing, and below the Highway 91 crossing.
Field data of temperature, electrical conductivity (EX), pH, dissolved oxygen, and alkalinity were collected at the time of sampling. Commercial colorimetric kits were used for the dissolved oxygen (CHEMetrics CHEMets*) and titration kits for the alkalinity (CHEMeirics TitretsQ).
Samples were collected for analysis of l80, deuterium, and 3H in glass, air-tight sealed bottles. The noble gas sampling requires a copper tube pinch-clamp assembly that seals a water sample in a copper tube free of any gas bubbles. Details of the sampling procedures are provided in Appendix 2.
Some sampling sites were collected more than once and included surface waters around the Prado Wetlands and the Dam, the S A R at Imperial Highway, and Anaheim Lake, and for groundwater YLW-11, A-42, ABS-2, SID-4, A-43, and HG-1 (Table 1 ). The first samples were collected in March during a high-volume storm runoff period, while the second sampling was in June at more baseflow conditions. The last sampling was in late August for which some of the stable isotope data are provided. Subsequent data will be incorporated in technical memoranda submitted to OCWD.
Analvtical Methods
Stable isotopes were measured with standardized techniques of the C@ equilibration method for the '80 (Epstein and Mayeda, 1953 ) and the zinc-reduction method for deuterium (Coleman, 1982) . Both extraction methods result in purified gases (C02 for 180 and hydrogen for deuterium) that are analyzed on a VG Prism isotope ratio m a s spectrometer at LLNL.
Tritium is analyzed by the helium-accumulation method (Surano et al., 1992) , whereby water samples are cryogenically degassed, sealed, and stored for 15-60 days to allow accumulation of 3He from the tritium decay. The sample is subsequently degassed and the 3He is isolated and quantified on a VG-5400 noble gas mass spectrometer.
The copper tubes for the dissolved helium measurements are vacuum fitted to an evacuated container. The copper cold seal of the sample is uncrimped and the water sample is released into the evacuated container where the water sample is subsequently degassed and the noble gases of interest are isolated and analyzed. The helium isotopes are analyzed on a VG-5400 noble gas mass spectmmeter, while the remaining noble gases are analyzed on a Nuclide-6-60 noble gas mass spectrometer.
RESULTS
Stable IsotoDe Data
The stable isotope values of the Forebay surface waters ranged from -6.3 to -8.1 per mil in 6% and -46 to -60 in 6D (Table 1) . Groundwaters varied from -6.8 to -10.5 per mil in 6l80 and -51 to -87 per mil in 6D. The lowest 6180 values were associated with wells downgradient of Anaheim Lake (wells SCWC-PW2, AM-10, AM-9, and ABS-2). Most waters varied between -7.0 and -8.0 per mil (Fig. 5) Colorado River water stable isotopic values were also plotted in Figure 6 to compare its relationship to the Forebay waters. Two individual Colorado River samples were plotted, the lower 6 l 8 0 value collected from Lake Powell (Craig, 1966) (3) is 3.7 x 1010 radioactive disintegrations per second and a pic0 is 10-12). While 3H in groundwater varied within this entire concentration range, the surface waters had a maximum concentration of only 24 pCi/L (Fig. 7) . The further inland a surface water is sampled, though, the higher the 3H concentration will be, and in Figure 7 the approximate modem value of 3H in Colorado River was shown for comparison (Holloway, 1993) . Over the past 35 years 3H concentrations have varied nearly a factor of 100 along the southern California coast. The Colorado River has varied nearly a factor of 3 over the past 10 years (Holloway, 1993) .
Many of the Forebay groundwaters had 3H values higher than the surface waters. This is significant since such tritium must have had to originate from recharge sources w i t h higher 3H
values than observed thus far in modern surface waters for this region.
The 3He values reflected this same trend such that a significant number of groundwater samples had 3He values far exceeding modem surface waters Fig. 8 ). The 3He concentrations in Figure 8 have been corrected for the excess air component. Even though the 3He concentrations were distributed more towards the low end, at least 12 of the groundwater samples had a significantly high enough 3He concentration to indicate groundwater ages greater than 1 year (see Table 1 ). The groundwater ages constructed from these data are tabulated in Table 1 Table 1 ).
Well Types a nd ConstrucDo n
The groundwater wells sampled for this feasibility study were either monitoring wells or domestic production wells. Only 6 out of the 21 wells sampled were monitoring wells with total perforation lengths 120 feet, while the remaining wells had total perforation intervals up to 850 feet. Such large intervals of perforation promoted mixing of groundwater from different aquifer levels inside the well casing. These effects were recognized in many of the Forebay samples as discussed in detail below.
DISCUSSION Stable Isotoue Variations
Williams (1994) designated four surface water and groundwater types based on his observed stable isotope distribution and they include 1) local, 2) recent, 3) natural, and 4) Colorado River.
We dispensed with these designations in favor of a more simplified distinction which includes 1)
water derived from local precipitation and SAR runoff sources, and 2) water derived from the Colorado River whose sources are ultimately the Colorado Rockies where the stable isotope signature of precipitation is distinct from the SAR watershed. Both of these water types undergo evaporation that causes an enrichment of the isotope ratios. The smaller and geographically more limited stable isotope data generated for this study did not correlate in detail with the more extensive data set of Williams (1994). They were consistent only in the fact that both studies recognized southern California precipitation sources, Colorado River sources, and evaporation of both.
When comparing the stable isotope signatures and the 3H-3He ages of this study, we saw that no correlation existed between the ages of the water relative to their graphical position on a 6D-6180 plot pig. 9). Since we did not sample a wider geographical region as did Williams (1994),
we do not suggest that his interpretations are incorrect, rather we were not able to recognize in our data his age and space inferences indicated by his categorization of the stable isotope data, namely the designations of "local, recent, and natural". Two relationships were discerned from the closeup view of the 6D8180 plot illustrated in recharge. These transient isotope values limit an interpretation of the groundwater sources with only a single sampling suite. Time series analyses of the same surface water and groundwater sampling sites over the course of at least a year will be necessary to understand the total contribution from each source. It is expected that groundwaters within a relatively close proximity to surface recharge facilities will, within a certain lag time, mimic the transient isotope signatures in the surface wateq the further downgradient from the recharge facilities, the greater the chance that subsurface mixing and dilution will eventually obscure any isotopically distinct recharge pulses.
3&3He Variations Two significant observations were made regarding the 3H and 3He data: 1) all samples had measurable tritium and none had concentrations below 13 pCi/L; 2) the 3He contents of the groundwaters were significantly high, even after subtraction of the excess air contribution. A qualitative result of the 3H and 3He data was that many of the groundwaters sampled had measurable ages. The ensuing discussion will focus on the quantitative determinations of the groundwater ages and the method of calculations therein.
As discussed earlier in this report, the construction of the groundwater ages begins by comparing the amount of 4He measured in the water sample relative to what is expected for water in equilibrium with the atmosphere. The difference will be the excess air component. We can see the distribution of excess air in Figure 11 where the ratio of 4He measured in each sample to the 4He expected in equilibrium is presented. Note that the excess air component in many of the groundwaters of the Forebay was very high, for example wells 0-23 and EOCW-E, down-gradient of the Santiago Basin, whose excess air was nearly 5 times the equilibrium component of 4He. We suggest that this was due to the periodic drying of the spreading basins and incorporation of vadose zone air when recharging resumed.
Below is tabulated helium isotope data for sample AM-10 that demonstrates the relative amounts of each isotopic species and the total error in the age calculation for this sample. Note that the 3Hew is only -3% of the total 3He measured. The uncertainty in the tritiogenic 3He is -50% and as a result, the calculated age has a comparable uncertainty. The uncertainty results from the analytical error and, in particular, the large contribution from the excess air term.
Sample AM-10 has a radiogenic 4He component amounting to only 4% of the total 4He.
Also, samples AM-10 and F-AIRP are the only two samples where the measured 3HepHe ratios were smaller than ratios in equilibrium with the atmosphere, indicating a radiogenic 4He component ( Table 2 ). All other samples had measured 3HdHe ratios at or higher than atmospheric equilibrium ratios, indicating a predominance of young water with a 3 H e~t component.
The 3H-3He ages were further validated by comparing them to the calculated initial tritium concentration (3H0) at the time of recharge as seen in Figure 12 . The 3Ho concentration was calculated by adding the 3Heb,it to the measured 3H concentration. The resultant f i m indicates that 3H0 increased as the 3H-SHe-dexived water age increased. The data distribution generally followed the atmospheric decrease of fallout 3H in precipitation over the past 30 years (see Fig. 3). The data in Figure 12 suggested that the 3H concentration in the recharge water of the 
Groundwater Mixing
Well construction was found to be a major influence on the isotope results. Most influential was the mixing of groundwaters from different aquifer layers due to multiple or long perforation intervals. Fifteen out of the 21 wells sampled had individual perforation intervals totaling 290 feet. As a result, the potential for mixing of different groundwater masses was high.
Groundwaters that showed evidence of mixing in the well casing were partially delineated by comparing the 14C concentrations to the 3H concentrations in the Forebay samples (Fig. 13) Two types of mixing must be considered at this point: 1) mixing between a modern water with measurable 3H and an ancient water with no 3H, and 2) mixing between a modem water with measurable 3H and a less modem water that has less 3H but a significant 3€€etrit content. In the first mixing case, the ages calculated from the 3H and 3 H e~t would not be influenced by the dilution with the ancient water because the relative proportions of 3H and 3Het,it will not change significantly during the mixing process. This is the case with groundwater of the Talbert (Santa Ana) Gap, where younger waters introduced through O m ' s injection wells were clearly distinguished from non-injection water and age-dated with a relatively high degree of accuracy (Hudson et al., 1995) . In the second case, though, mixing of the two types of waters would cause the relative proportion of the 3H and 3 H e~t to change and the resulting age calculation would reflect an average of the mixture. That average mixed age would be a function of the total dissolved 3H and 3Hebrit in each mixing end-member. There is not enough data at this point to define the mixing end-members' 3H and 3 H e~t contents.
The extent to which mixing of the second type occurs in the Forebay groundwaters may be significant and is qualitatively illustrated in Figure 14 where the 3HdHe ratios of the groundwaters are compared to the total depth of the perforations represented as an addition between their minimum and maximum levels. A net positive correlation existed with a correlation coefficient of 0.67. The trend suggested that at deeper depths higher 3HePHe ratios are encountered. Higher 3HePHe ratios would indicate there may be an older modern water with a significant 3Hetrit component. These deeper waters could mix w i t h shallower younger groundwaters and result in an "apparent" 3H-3He age calculation. One conclusion that may be drawn from the evidence presented in Figures 13 and Figure 14 is that groundwaters and their corresponding ages are stratified in the Forebay region. Sampling for isotopic analysis of the groundwater from discrete depth intervals in the Forebay region would greatly enhance the resolutionaf groundwater flow rates and their directions. concentrations that were demonstrably a result of tritium decay and showed that groundwaters up to -30 years old occurred in the Forebay area. The dating technique is vdidated by 1) the low abundance of any radiogenic 4He contribution that caused uncertainties in excess air determinations, and 2) a reconstruction of the "bomb pulse" curve from the measured 3H and 3Hem concentrations that showed the calculated fallout 3H levels -30 years ago were comparable to observations made at that time.
FINDINGS AND CONCLUSIONS
The 3H-3He ages were likely averaged among several aquifer layers in production wells with long perfomtion intervals. Seventy percent of the wells sampled had perforation intervals 290 feet. Mixing was observed between ancient groundwaters (-ZOO0 years old) with lower 14C contents and modern groundwater with measurable 3Ic Evidence also suggested mixing between modern water and older modern water which both had measurable tritium and 3He. The latter mixing compromised the dating technique and resulted in an "apparent" age that was a function of the mixing end-members. We also cannot rule out that similar mixing was also occurring in wells with low 14C contents. A definitive conclusion from this evidence was that groundwater ages and hence, groundwater flow is stratified and discrete depth sampling would watly enhance information on the groundwater flow rates and directions.
The 3H-3He dating technique in the Forebay does not produce ages resolvable at the 0-2 year age range. Supporting noble gas data (Le. neon, argon, krypton, and xenon) may in some cases better the age resolution. Most of the uncertainty, though, was a result of the analytical resolution of the 3J3eht concentrations qnd the contribution from excess air.
RECOMMENDATIONS
As a result of these studies on the feasibility of isotope measurements in groundwater resource evaluations in the Forebay, the following recommendations for further investigations are suggested
Monthly sampling of surface water and groundwater in the Forebay where transient isotope effects were observed, which include: the SAR at Imperial head gates, Anaheim Lake collected at the western edge, Santiago Basin (Bond Pit) collected on the southwestern edge, HG-1, OPWC, SCWC-PLJ2, A-27, ABS-2, A-42, A-43, SD-4, and YLW-11. We recommend that a sample for l 8 0 only be collected and analyzed since these are the fastest and cheapest measurements to make. The goal is to build a 180 profile of monthly variations in these water samples and attempt to correlate the groundwaters to surface water input values.
Sample two Westbay multipoint wells (AMD-1 and AMD-2) for stable isotopes over the entire sampling depth. These data will provide a clear indication to the extent of stratification of the isotope signatures in the Forebay aquifers.
depths in each well is recommended. These data w i l l provide an indication of the extent of age StraMication in the Forebay aquifers. This information will provide direct evidence for the extent of stratified flow in the same aquifers.
Sample wells AMD-1 and AMD-2 for 3H-3He age dating. Sampling of at least four discrete particularly for groundwater flow information, should incorporate samples from other depthspecific wells. This may include depth-specific sampling of production wells by moving pumps aside and accessing downhole with remote samplers. The information collected from discrete depth sampling should be superior to the mixed samples from the production wells with long perforation intervals.
Depending on the results of the multipoint sampling, future sampling for isotopic analyses,
A tracer experiment should be conducted to determine transit times of recharged water to groundwater discharge points. Sulfurhexafluoride and noble gases are two conservative tracers that are non-toxic and only require low concentration. The tracer can be introduced such that the initial concentration is well characterized. The goal would be to determine arrival times of these tracers at adjacent wells and to determine the extent of dilution during groundwater flow. NA -not applicable, F-AIRP has a significant contribution from radiogenic 4He.
3H concentration of KB-1 was not measured, 20 pCilL is an assumed value.
